An analysis of channel head locations provides insight into controls on drainage density, the response of landscapes to climatic change, and the delineation of source areas for channel network simulations. Channel heads and colluvial deposits were mapped in a roughly 2 km 2 area near San Francisco, California, and, although channel heads are located within colluvial deposits in hollows, many such deposits do not support channel heads. Channel heads were classified as either gradual or abrupt. For either type of channel head, the channel reach immediately downslope may be contiguous with the channel network or may consist of a series of short discontinuous channel segments. The local valley slope at the channel head is inversely related to both source area and source-basin length as well as to the contributing area per unit contour length at the channel head. In contrast, valley slope does not vary with drainage area upslope of channel heads. Field observations and a similarity between predicted and observed area-slope relations suggest that the location of channel heads on steep slopes may be controlled by subsurface flow-induced instability of the colluvial fill. Preliminary field observations also suggest that abrupt channel heads on gentle slopes are controlled by seepage erosion, whereas gradual channel head locations appear to be governed by saturation overland flow. Consideration of the geometric relationship between source areas and the first-order drainages that contain them results in an inverse relation between mean source-basin length and drainage density.
INTRODUCTION
Because the channel head represents a major boundary between hillslopes and channels, the factors governing channel initiation are essential components of quantitative theories for the evolution of both hillslopes and drainage networks. Although many properties of channel networks can be predicted by the random topology model of Shreve [1966] , for quantities such as drainage density it is necessary to know the number of sources per unit area [Shreve, 1969] , a property that the topology does not predict. Physically based theories for predicting the source areas contributing to channel heads will consequently contribute to network models and provide a linkage between hillslope processes and network properties.
In humid environments, channels generally begin in unchanneled valleys or hollows (Figure 1 ) [Hack and Goodlett, 1960; Hack, 1965; Dietrich et al., 1986; Montgomery and Dietrich, 1988a] . Channels differ from hollows in that they have well-defined measurable banks and the channel head represents the transition from the unchanneled hollow to the channel network. Like channels, hollows typically form branching networks; only a portion of the hollows in an area terminate at the tips of channels [Hack, 1965; Dietrich et al., 1987] .
Channel head locations are controlled by the competing influences of fluvial transport in channels and diffusional hillslope transport processes which concentrate colluvium in hollows and tend to infill channels. Colluvium eroded from adjacent ridges and sideslopes slowly accumulates in hollows until it is relatively rapidly discharged by landsliding or gullying [Dietrich and Dunne, 1978] . During discharge events, channel heads may advance great distances upslope and then retreat downslope as the hollow refills with colluCopyright 1989 by the American Geophysical Union.
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0043-1397/89/89WR-00843505.00 vium [Dietrich et al., 1987] . In areas where the age of the basal colluvium has been determined at several points along the hollow axis [Reneau, 1988] the upslope excursions of the channel head appear to be short compared to the intervening periods of accumulation; hence channel heads may remain in stable locations for long periods.
To our knowledge, however, no quantitative predictions of specific channel head locations have been attempted for landscapes where Horton overland flow [Dunne, 1978] is rare. Instead, three general processes have been hypothesized as contributing to channel initiation: incision by saturation overland flow [Kirkby and Chorley, 1967] , seepage erosion [Dunne, 1980] , and shallow landsliding . Saturation overland flow is probably most important on gentle slopes, whereas seepage erosion and landsliding should predominate on steep slopes where saturation overland flow is rare or absent. None of these mechanisms are well-documented, however, and surprisingly few field data exist on the location of channel heads [Morisawa, 1957; Coates, 1958; Maxwell, 1960; Mark, 1983; Dietrich et al., 1986 Dietrich et al., , 1987 Montgomery and Dietrich, 1988a] .
The landslide channel-initiation theory proposed by Dietrich et al. [1986] predicts a decrease in source length with increasing hollow gradient. Although they reported data that support the general inverse form of the predicted relation, the data were not sampled systematically and represent a limited range of slopes. Here we supplement those initial observations with the results of a channel head location survey conducted near San Francisco, California. We also extend the theory of Dietrich et al.
[1986] to predict source area and find that it accords with the general trend of the field observations. Finally, we examine the geometric relationship between source areas and first-order drainage basins and obtain a general expression for drainage density as a function of source-basin geometry and network morphometric parameters that is well approximated by the reciprocal of the source-basin length, which accurately predicts the observed drainage density of the study area. Dietrich [1987] also showed that, even though the colluvium-bedrock boundary cannot be strictly considered as impermeable, its associated conductivity contrast is several orders of magnitude. Because the hydraulic conductivity of colluvium in hollows also tends to decrease with depth [Wilson and Dietrich, 1987] and the conductivity of even relatively homogeneous natural materials tends to be nonuniform [Freeze, 1975] , this model is at best an approximation.
In Iida's [1984] model, the water discharge Q per unit contour length is taken as equal to a constant rainfall rate R o multiplied by the contributing area per unit contour length a(t) which with increasing time t expands upslope from the source; thus Q(t) = Roa(t)
According to Darcy's law, the horizontal component of the flow per unit contour length for a depth of saturation h measured vertically is given by Q(t) = h(t)K sin 0 cos 0
where K is the hydraulic conductivity of the soil when saturated and 0 is angle of inclination of the hillslope. Combining these equations yields Dietrich et al. [1986] reasoned that the contributing area equals the entire upslope area A and they argued that the width of the colluvial deposit at the channel head Wh defines the contour length through which the subsurface runoff from the source area must travel. 
which differs from the relation for drainage networks reported by Hack [1957] in which the coefficient is equal to 1.4 and the exponent is 0.6. This difference, although small, suggests that source areas are geometrically distinct from downslope drainage basins; the exponent in (lib) also implies that the area-length relation for source basins is scale independent. It is well known that channel slope decreases with increasing drainage area for drainage basins in general [Gilbert, 1877; Leopold and Miller, 1956] . In order to test whether the area-slope relation for channel heads simply reflects this general relation, drainage area and local valley slope were also measured for locations within hollows above channel heads (Figure 8 ). In general, drainage areas for points upslope of the channel head are well below those for channel heads on similar slopes. Furthermore, for several locations upslope of two channel heads, drainage area is independent of slope and both channels begin within the variance for channel heads. Both of these channels also end in colluvial fans when the area-slope relation again falls below the lower bound of the scatter for channel heads.
These observations indicate that channel initiation in this
area is controlled by hillslope processes rather than network tip extension and suggests that some channels do not connect downslope with the integrated channel network because there is locally insufficient drainage area to support a channel. The unchanneled data within the scatter for channel heads indicates either that the threshold for channel initiation is diffuse or that these locations are susceptible to, but have not as yet experienced, channel incision.
An important component of a widely used model for predicting runoff [Beyin and Kirkby, 1979 As discussed above, the source area divided by the width of the depositional zone at the channel head can also be used to estimate a(T) in (4). This quantity is also inversely related to slope (Figure 9 (bottom) ) and channel heads located at the base of colluvial deposits have a greater area per unit contour width than for those located within colluvial deposits, These greater values may reflect contributing areas prior to the recent advance of channel heads into the colluvial deposits, suggesting a quantifiable measure of the recent drainage network expansion.
COMPARISON WITH THEORY
The infinite slope stability model may reasonably approximate conditions operating at landslide-controlled channel heads, but is clearly inadequate to explain either the lowgradient channel heads that appear to be related to seepage erosion or the gradual channel heads apparently controlled by saturation overland flow. Unfortunately, although saturation overland flow and undermining by seepage erosion may be important at many of the channel heads we studied, we know of no available quantitative models of these processes against which to test our field data. We therefore tested only (7). Regardless of the cause, the common extension of the channels into colluvial deposits indicates that this area has undergone, and may be currently undergoing, a change in drainage density that may also have affected both the scatter in the source area-slope data and the relationship itself.
To obtain the necessary values for

SOURCE AREAS AND DRAINAGE DENSITY
Drainage density is a useful measure because it characterizes the scale of landscape forms. Although many studies have concluded that such factors as climate and lithology are related to drainage density, few workers have analyzed the processes by which these factors influence network form. Because many properties of channel networks are relatively invariant, it is possible, using an approximation for source basin geometry based on our data, to express drainage density in terms of source length.
Channel links, their associated areas, and source areas are elementary quantities into which drainage basins can be divided [Shreve, 1969] 
Hence four dimensionless terms a, k•, ki, and Y must be specified to relate the mean source-basin length to the drainage density of the entire basin. To our knowledge, no theory is available for predicting them. Empirically, however, many network studies indicate that k• and k• are often close to unity [Abrahams, 1984] . Combining ( In order to test (19) and (21) against field data, interior and exterior link areas and lengths were measured from field maps of the channel network (Figure 3) . There are 9.1 km of first-order stream channel, including the unconnected channel lengths, and 6.2 km of higher-order channels within the 2.1 km 2 study area, resulting in an overall drainage density of 7.3 km/km 2. The arithmetic mean values of the link parameters were calculated and are presented together with the resulting dimensionless parameters in Table 2 . The drainage densities given by (19) and (21) are given in Table 3 . Both (19) and (21) yield drainage densities close to the observed value with the reciprocal of the mean source-basin length giving excellent results. The values tabulated in Table 2 also can be used to show that the geometric assumptions used to derive (14) are reasonable.
For an idealized landscape of uniform geometric and physical properties, drainage density can be directly related to the physical parameters modeled as governing channel initiation on steep hillslopes by combining ( Ps saturated bulk density of soil, t/cm 3. Pw bulk density of water, t/cm 3. 0 local hillslope gradient at the channel head, degrees.
